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Previous studies on the longevity of starved stationary-phase Aerobacter aerogenes indicated that, before the death of a significant proportion of the population, losses of substantial amounts of protein, RNA and (if initially present) glycogen occurred (Strange, Dark & Ness, 1961; Strange, 1961) . The analysis of the suspending fluid during starvation showed that ammonia, nucleic acid bases and inorganic phosphate had been released to an extent that suggested their origin from macromolecules.
There have been several reports of substantial losses of RNA from suspensions of starved viable bacteria (Borek, Ryan & Rockenbach, 1955; Rotman, 1958; Holden, 1958) and yeasts (Higuchi & Uemura, 1959) . Since most of the RNA and a substantial fraction of the total protein are present in the ribosomes (Tissieres, Watson, Schlessinger & Hollingworth, 1959) , it appeared likely that the latter suffered these losses. To determine to what extent the total losses of RNA and protein could be accounted for in this way, the changes in compositions of sedimentation fractions from starved A. caerogenes were followed. In addition, the extent to which these losses could be accounted for by substances released into the suspending fluid was examined.
MATERIALS AND METHODS
Cultural conditions. Aerobacter aerogenes (N.C.T.C. 418), originally obtained from Professor Sir Cyril Hinshelwood's Laboratory, was grown either on tryptic meat broth, prepared from bullock's meat as described for Hartley's broth (Mackie & McCartney, 1948) and diluted with water to give a concentration of 2-5 mg. of N/ml. or on a carbonlimiting defined medium (11 N), which contained 1 % (w/v) of mannitol, prepared as described by Strange et al. (1961) .
The bacteria were grown in 3 1. of medium at 370 with adequate aeration and at a controlled pH (7-2) in the apparatus described by Strange et al. (1961) . When growth, as determined by turbidity, had ceased for 0 5 hr. the bacteria were sedimented by centrifuging, washed with 20 vol. of buffered saline (0-02 M-potassium orthophosphate in 0-13 M-NaCl at pH 6-5) and resuspended in the same solution (4-5 mg. dry wt./ml., equivalent to 1 x 101O-2-5 x 1010 viable bacteria/ml.).
Starvation. Suspensions of freshly harvested and washed bacteria were incubated at 370 in a gas wash-bottle as described by Strange et al. (1961) . A reflux water condenser, closed with a cotton-wool filter, was fitted to the outlet to prevent a volume change during starvation.
Viability. The viability was determined by two methods. The proportion of viable bacteria was determined directly by a slide culture technique (Postgate, Crumpton & Hunter, 1961) in which the growth of viable bacteria on tryptic-meat-broth-agar is observed directly under a microscope by dark-ground illumination. The reproducibility of the method has been discussed previously (Postgate et al. 1961; Strange et al. 1961) . The concentration of viable bacteria was determined by plate count on trypticmeat-broth-agar; the determination was carried out in duplicate and the coefficient of variation was about ± 6 %.
Sedimentation fractionation. A measured volume of bacterial suspension (280 ml.) was centrifuged at 11 OOOrev./ min. for 15 min. in a MSE no. 13 angle centrifuge and the deposit was washed with a solution of 5 mM-MgC12 in 0-145m-NaCl (6 vol.) by centrifuging. The deposit (5-6 g. wet wt., depending on the initial concentration of the bacteria and the period of starvation, was mixed with 0-5 ml. of a solution of 5 mM-MgCl2 in 0 145m-NaCl and the bulk of it was passed through a Hughes (1951) press held initially at -300. All subsequent operations were carried out at 0-3°.
The disrupted bacteria were either diluted directly to 8-10% (w/v) wet wt. (equivalent to 16-20 mg. dry wt. of bacteria/ml.) with a solution of 5 mM-MgCI2 in 0 145M-NaCl (Expts. 1 and 2) or mixed for 30 sec. in a MSE no. 7700 homogenizer [20% (w/v) wet wt.] before diluting to this concentration (Expts. 3-6).
The sedimentation fractionation was as described for E8cherichia coli by Wade (1961) . The suspension of disrupted bacteria was centrifuged for 1 hr. at 25000g in a Spinco model L centrifuge (no. 30 rotor) at 00. The deposit (RI) was made up to the original volume with a solution of 5 mM-MgC12 in 0145M-NaCl; the supernatant was centrifuged for 7-5 hr. at 78000g. The deposit (RII) and the supernatant (SII) were made up to the original volume in the same salt solution. The result of washing fraction R II, which contained the ribosomes, with a solution of 5 mMMgCl2 in 0145M-NaCl by a second centrifuging was to reduce the dry wt. of this fraction by 15 % without greatly altering the protein: RNA ratio. This step was therefore omitted.
Determination of nucleic acid. A modified Schneider (1945) procedure was used. Samples were treated with 0-25N-HCl04 at 0-3°for 30 min. The insoluble fraction was sedimented by centrifuging and the nucleic acids were solubilized by two extractions with 0-5N-HC1O4 (70°for 15 min.). The RNA in the combined extracts was estimated by the Dische & Borenfreund (1957) method as modified by Bolognani, Coppi & Zambotti (1961) , with, as standard, undried yeast RNA (Boehringer und Soehne G.m.b.H., Mannheim, Germany) which contained 8-1 % of total P and was therefore assumed to contain 85 % of RNA. DNA was estimated by the Burton (1956) (Stickland, 1951) after the sample had been dissolved by heating in N-NaOH for 5 min. at 1000. Dried bovine plasma albumin (fraction V; Armour and Co. Ltd., Eastbourne), containing 15-9% of N, was used as a standard. Since tris gives a positive reaction under these conditions, it was necessary to precipitate the protein with trichloroacetic acid (5%, w/v) when this buffer was present.
Analysis for base and nucleoside. Bacteria grown in 1 N medium (5 mg. dry wt. of bacteria/ml.) were kept at 370 in water with aeration for 24 hr. Water was used as the suspending fluid in place of buffered saline so that the salt content of the isolated substances would be low. After centrifuging, the supernatant was filtered through Oxoid membrane (grade AP, Oxo Ltd.) and freeze-dried (30 mg.) . A solution of 15 mg. in 20 ml. of 0-01 M-ammonium formate was delivered on to a column (1 cm. diam.) of 20 ml. of Dowex 1 (200-400 mesh; formate form; X2) resin and eluted with 0'04M-ammonium formate (flowing at 1 ml./ min.) adjusted with HC1 to pH 5 and to progressively lower pH values at the rate 0-166 pH/hr. (Wade, 1960) . A continuous recording of the ultraviolet absorption of the effluent (Lovett & Wright, 1961) showed that it contained a large quantity of bases, in two fractions which were eluted during the first 2 hr., but few nucleotides. These fractions were adsorbed separately on 10 ml. of Dowex 1 (200-400 mesh; OH-form; X2), washed with water and then eluted with 10 ml. of 10% (v/v) formic acid. The eluate was dried down, dissolved in water and fractionated by paper ionophoresis with a propionate buffer at pH 3-5 (Wade & Lovett, 1961) ; the mobilities of the ultravioletabsorbing constituents were compared with those of known bases and nucleosides.
Detection and estimation of amino acids. The bacteria were separated from the suspending fluid by centrifuging. The supernatant was filtered through Oxoid membrane (grade AP, Oxo Ltd.), then electrolytically desalted and concentrated. The free amino acids were separated by twodimensional ascending chromatography, with phenol saturated with water in an atmosphere of NH3 as the first solvent and butanol-acetic acid-water (4:1:5, by vol., upper phase) as the second solvent, and detected with ninhydrin reagent. An estimate of the total amino acids in the bacteria was obtained by extracting the deposit with 0-5 N-HC1O4 at 0°for 30 min., and determining the ninhydrin-reacting substances in the neutralized (with KOH) extract (Yemm & Cocking, 1955) , with alanine as a standard.
Determination of nitrogen. Total N was determined by a Kjeldahl nesslerization procedure, and NH, N by nesslerization after steam-distillation of the sample with alkaline buffer (Tracey, 1952) in a Markham still. Determination of dry weight. Bacteria (20-25 mg. dry wt.) were centrifuged from a measured volume of bacterial suspension in a weighed tube, washed once with 5 ml. of 0-85 % (w/v) NaCl in 3 % (w/v) formaldehyde and finally with 5 ml. of water. The deposit was dried at 1000 for 16 hr. and weighed. Each determination was carried out in quadruplicate, the individual values of which did not vary by more than 0 5 % of the mean.
RESULTS
Viability and dry weight of bacterial su8pensions.
The average mean mass of individual bacteria freshly harvested from tryptic meat broth and 11 N medium were 0-24 and 0-38 ,u,ug. respectively. On starvation for 41 hr., changes in viability of suspensions did not usually exceed 10 %, and average losses of dry wt. were 23 and 18 % respectively in the two media (Table 1 ). The losses of dry wt. were almost entirely accounted for by losses of protein and RNA from the bacteria (see Table 3 ). The average initial concentrations of protein and RNA in suspensions of bacteria grown in tryptic meat broth were 74 and 10-8 % respectively, and in 11 N medium 68 and 18 % respectively.
Influence of the 8u&pending fluid on the sedimentation fractionation. Three samples of bacteria were centrifuged from equal volumes (280 ml.) of the same suspension (5 mg. dry wt. of bacteria/mil.) of freshly harvested and washed (with buffered saline) stationary-phase bacteria. Each sample was washed by centrifuging in one of three solutions A, B and C (Table 2 ) and, after disruption in the Hughes (1951) press, the product was resuspended in the same solution, homogenized and then fractionated. The analysis of the sedimentation fractions (Table 2 : RI, RII and SII) showed that the composition of the fractions separated in a solution of 5 mm-magnesium chloride in 0 145M-sodium chloride was not significantly altered when the pH was increased from 6-5 (solution A) to 7-4 (solution B). More material was recovered from the light-particulate fraction (RII) with these solutions than with a solution (C) of 0.1 mM-magnesium chloride in 0 01 m-tris buffer, pH 7-4, which has also been used for the isolation of ribosomes (Tissieres et al. 1959) . With solution C, most of the protein, RNA and DNA, deficient in RII, was present in the supernatant fraction SII. In view of these results, the solution with higher ionic strength and Mg2+ ion concentration at pH 6-5 (solution A) was used.
Loss of protein and nucleic acids from sedimentation fractions of starved bacteria. Results are given in Table 3 for Expts. 1, 3, 5 and 6 of Table 1 . Suspensions of disrupted bacteria (10 % wet wt.) in a solution of 5 mm-magnesium chloride in 0-145 Msodium chloride were either fractionated directly (Expt. 1) or after homogenizing (Expts. 3, 5 and 6). The effect of a preliminary homogenizing on the composition of sedimentation fractions from bacteria grown in tryptic meat broth is shown by comparing the results of Expt. 1 with those of Expt. 3, and the influence of the growth medium by comparing the results of Expt. 3 with the mean results of Expts. 5 and 6 (Table 3) .
On considering the composition of bacteria grown in tryptic meat broth, the average loss of dry wt. (1.13 mg./ml. or 23%) which occurred during starvation for 41 hr. (Table 1 : Expts. 1-3) could be accounted for by losses of 0-97 mg. of protein/ml. (26 % of the total protein) and 0-13 mg. of RNA/ml. (25 % of the total RNA); the sum of losses from individual sedimentation fractions (0-92 mg. of protein/ml. and 0-14 mg. of RNA/ml.) showed good agreement with these results (Table 3: Expts. 1 and 3). The preliminary homogenizing reduced the amounts of these constituents ( from RII. The ratio of protein loss to RNA loss (2.1) was similar to the original ratio of these conconstituents (2). In RI and SII, on the other hand, the losses were mainly of protein.
With bacteria grown in 11N medium, 0 67-1-05 mg. of dry wt./ml. was lost during 41 hr. of starvation (Table 1: Expts. 4-6); variation was due mainly to a variation in protein losses. In Expts. 5 and 6 the losses in dry wt. were similar (about 1 mg./ml.); the means of the results for sedimentation fractions are therefore given in Table 3 . During 41 hr. of starvation, 0-72 mg. of protein/ml. (21 % of the total protein) and 0 3 mg. of RNA/ml. (33 % of the total RNA) were lost; the sum of the losses from individual sedimentation fractions were 0 7 mg. of protein/ml. and 0 3 mg. of RNA/ml. Of the losses of total protein and of RNA, 29 and 72 % respectively occurred from RII. In this fraction the ratio of protein loss to RNA loss was 0-93 compared with the original ratio of these constituents of 1-32. As with bacteria grown in tryptic meat broth, the losses from RI and SII were mainly of protein.
The ultracentrifuge patterns of disrupted bacterial suspensions prepared before and during starvation were similar and closely resembled those obtained by Bowen, Dagley & Sykes, (1959;  During starvation the amount and distribution of DNA in bacteria grown in tryptic meat broth remained unchanged, whereas in bacteria grown in 11 N medium there was an increase in the amount of DNA (17 %) which was confined to RI (Table 3: Expts. 5 and 6).
Products of degradation of protein and of ribonucleic acid. Previous results (Strange et al. 1961) indicated that the initial products of degradation were rapidly metabolized. Further information was obtained with a suspension of washed bacteria taken from a culture in 11 N medium. At intervals during starvation, samples were taken and centrifuged. The sedimented bacteria and the filtered suspending fluid were analysed for various constituents (Table 4) .
The analysis of the products of RNA degradation showed that, during starvation, the ultraviolet-absorbing constituents increased only slightly in the cold-acid-soluble fraction of the cells but they increased substantially in the suspending fluid. The maximum absorption of the mixture of substances responsible was at 255 m,u, suggesting that extensive deamination of the primary products of nucleic acid degradation had occurred. Ionexchange fractionation showed the absence of any significant amounts of nucleotides. Paper ionophoresis showed the absence of guanosine, adenosine and cytidine, and the presence of small amounts of adenine and guanine. There was no inosine but a large amount of hypoxanthine. The techniques used did not distinguish between xanthine, uridine and uracil.
On assuming a mean molecular extinction coefficient, c, of 10 800 at 255 m,i, derived from the deaminated bases from yeast RNA, the substances released in 44 hr. were equivalent to 0-27 mg. of RNA/ml., which nearly accounted for the loss of RNA (0.3 mg. of RNA/ml.). As shown by the Bial reaction (Morse & Carter, 1949) , the amounts of pentose-reacting substances were very low Table 3 . Changes in the composition of Aerobacter aerogenes during starvation Bacteria were taken from a fully grown culture in either tryptic meat broth (Expts. 1 and 3) or a carbonlimiting defined medium (Expts. 5 and 6) and suspended (4-1-5 mg. dry wt. of bacteria/ml.) in buffered saline (pH 6-5) at 370 with aeration. At the times indicated, bacteria were isolated by centrifuging, disrupted and then fractionated, either with (Expts. 3, 5 and 6) or without (Expt. 1) preliminary homogenizing, into a heavyparticulate fraction (RI), a light-particulate fraction (RII) and a supernatant fraction (SII). The results refer to a suspension initially containing 5 mg. dry wt. of bacteria/ml. The means of the results from Expts. 5 and 6 are given. Experimental details are given in the text. (Table 4) , confirming the absence of large amounts of nucleosides. The analysis of the products of protein degradation showed that, during starvation, the cold-acidsoluble endogenous ninhydrin-reacting constituents decreased (Table 4) , whereas the ammonia in the suspending fluid increased. The examination of the desalted suspending fluid by paper chromatography, before and after acid hydrolysis (with 6N-hydrochloric acid at 1060 for 20 hr.), indicated that only traces of free amino acids, peptides (and protein) were present. Certain ninhydrin-reacting substances not identified as free amino acids or as putrescine or cadaverine were also present on the chromatograms of unhydrolysed samples. The concentration of these increased during starvation and, in a phenol solvent in an atmosphere of ammonia, they moved just short of the solvent front. The differences between values for ammonia N and total N in the suspending fluid may be accounted for by products of RNA degradation.
DISCUSSION
The different mean cell sizes and RNA contents of the bacteria obtained from the complex and defined media are probably due to variations in the growth rates (Caspersson, 1947; Malmgren & Heden, 1947; Caldwell, Mackor & Hinshelwood, 1950; Herbert, 1961) and the speed with which the culture passes into the stationary phase. In the complex medium the passage is gradual and accompanied by a reduction in the concentration of RNA: in 11 N medium it is rapid and the high concentration of RNA existing during rapid growth remains in the stationary phase (Fig. 2 of Herbert, 1961) .
During starvation, the degradation of the major constituents of the bacteria appears to be related to the initial concentrations of these substances. In glycogen-rich A. aerogenre, for example, the polysaccharide is rapidly degraded and losses of RNA and protein are relatively small (Strange et al. 1961) . In the present experiments, in which the bacteria have little polysaccharide reserve, the RNA-rich bacteria from the defined medium degrade more of their RNA and less of their protein than bacteria from the complex medium.
As expected, the separation of sedimentation fractions was influenced by the ionic strength of the suspending fluid, but in some respects the results obtained (Table 2) were not as would have been expected from previous reports. In agreement with previous observations (Schachman, Pardee & Stanier, 1952; Dagley & Sykes, 1956; Wade & Morgan, 1957) with low-ionic-strength solution (I 0.01) Tissieres et al. (1959) obtained generally faster-moving components (30s and 50s) with purified ribosome preparations, with similar conditions we obtained a lower recovery of ribosomes (Table 2 ). The 30s and 50s ribosomes obtained by cycles of precipitation with Mg2+ ions (Tissieres et al. 1959) may not be representative of the natural complement in the bacteria. The medium used for growth influenced both the amount and the composition of the ribosomal fraction obtained with the solution of higher ionic strength ( Fig. 1: RII) . In bacteria from the defined medium the losses of protein and RNA from RII were equivalent (Table 3 : Expts. 5 and 6), suggesting that the loss is due to ribosomal protein and not to a contaminating protein. The higher protein: RNA ratio in the ribosomal fraction from bacteria grown in tryptic meat broth may be due to a greater contamination from non-ribosomal protein.
In this, as in the experiments of Strange et al. (1961) , there was no significant change in the number of bacteria during starvation; the increase observed in the DNA of bacteria from the defined medium was probably not accompanied by cell division. The confinement of the increase to RI (Table 3: Expts. 5 and 6) is in agreement with the results of Goldstein & Brown (1961) , who found DNA with high specific activity in a similar fraction from E. coli when they exposed exponentially growing bacteria to 32P [phosphate] .
During starvation of E. coli for 4 hr. at 350, a turnover without net loss of protein occurred (Mandelstam, 1957 (Mandelstam, , 1958 , and this situation existed with ribosomal protein although there was a net loss of ribosomal RNA (Mandelstam & Halvorson, 1960) . The present results show that, during a 41 hr. period of starvation at 370, there are considerable losses of protein from all the sedimentation fractions in A. aerogene8. At least in bacteria from the defined medium, these losses are not accompanied by an accumulation of amino acids but 73 % of the protein N appears in the suspending fluid as ammonia.
The products of RNA breakdown are also rapidly released into the suspending fluid and eventually appear mainly as free bases, including hypoxanthine.
From their studies on E. coli, Mandelstam & Halvorson (1960) concluded that, in addition to their function in bacteria as essential sites of protein synthesis, ribonucleoprotein particles act as a reservoir which supplies almost one-half of the amino acids and virtually all the ribonucleotides passing through the free pools during starvation, and that this involves the loss of RNA but not of protein. The results here with A. aerogene8 suggest that more extensive starvation involves the degradation of protein, including that in ribosomes, and ribosomal RNA. SUMMARY 1. The changes in protein and nucleic acid composition of fractions sedimented from starved viable Aerobacter aerogene8 held at 370 with aeration have been investigated with bacteria grown in tryptic moat broth and a carbon-limiting defined medium ( 1 N).
2. Disrupted bacteria were homogenized in a solution of 5 mM-magnesium chloride in 0 145M-sodium chloride and fractionated into a heavyparticulate fraction (RI), a light-particulate fraction (RII) which contained the ribosomes, and a supernatant fraction (S II). Changes during starvation in the amounts of protein and of nucleic acids in these fractions are described.
3. In bacteria grown in 1 IN medium, the degradation of protein during storage resulted in the release of ammonia and traces of amino acids into the suspending medium, and was accompanied by a decrease in the concentration of endogenous amino acids. The degradation of ribosomal RNA did not increase the amount of RNA in the supernatant fraction. The degradation products of RNA, mainly deaminated bases, were rapidly released into the suspending medium.
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